Vector spectroscopy for spin pumping by Lustikova, J. et al.
Vector spectroscopy for spin pumping
J. Lustikova∗
Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan
Y. Shiomi
Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan and
Spin Quantum Rectification Project, ERATO,
Japan Science and Technology Agency, Sendai 980-8577, Japan
E. Saitoh
Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan
Spin Quantum Rectification Project, ERATO,
Japan Science and Technology Agency, Sendai 980-8577, Japan
WPI Advanced Institute for Materials Research,
Tohoku University, Sendai 980-8577, Japan and
Advanced Science Research Center, Japan Atomic Energy Agency, Tokai 319-1195, Japan
(Dated: October 12, 2018)
We propose a method to separate the inverse spin Hall effect (ISHE) from galvanomag-
netic effects in spin pumping experiments on metallic bilayer systems by measuring the dc
electromotive force in two orthogonal directions. Calculations of dc voltages in longitudinal
and Hall directions induced in Ni81Fe19 and Ni81Fe19|Pt films at ferromagnetic resonance
in a microwave cavity predict that contributions from ISHE and from the galvanomagnetic
effects, i.e. the anisotropic magnetoresistance and the anomalous Hall effect, exhibit distinct
signal symmetry as well as angular dependence when changing the direction of the external
field with respect to the film plane. According to measurements on Ni81Fe19|Pt, only that
dc voltage component which includes ISHE is more than five times larger than purely gal-
vanomagnetic components. This is corroborated by results on La0.67Sr0.33MnO3|Pt samples,
demonstrating universality of this method.ar
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2I. INTRODUCTION
Knowledge of the transport properties of ferromagnetic films at ferromagnetic resonance
(FMR) is vital in spin pumping experiments, where spin current (the flow of electronic spin)
is injected into an adjacent paramagnetic metal upon FMR in the ferromagnetic layer.1–3 Spin
pumping in combination with the inverse spin Hall effect (ISHE),3–8 which enables conversion of
spin current into charge current, are powerful tools for exploring spin-charge related phenomena
in bilayer systems. ISHE is a relativistic phenomenon occurring in the presence of spin-orbit cou-
pling, where both up and down electrons with opposite velocity directions are deflected into the
same direction resulting in an electromotive force transverse both to the spin current flow direction
js and to the spin polarization σ :
EISHE ∝ js×σ . (1)
To accurately estimate the contribution of ISHE in the observed electromotive force in systems
comprising metallic ferromagnet/paramagnet bilayers, it is necessary to separate contributions
from galvanomagnetic effects in the ferromagnetic layer, i.e. the anisotropic magnetoresistance
(AMR)9 and the anomalous Hall effect (AHE).10 The electromotive force E induced by a current
density J flowing through a ferromagnetic metal with magnetization M can be expressed as11
E= ρ⊥J+
ρ‖−ρ⊥
M2
(M ·J)M−RaJ×M, (2)
where ρ⊥, ρ‖, Ra are the resistivity in a transverse magnetic field, that in a longitudinal magnetic
field, and the anomalous Hall coefficient, respectively. The first term on the right-hand side of
Eq. (2) expresses the Ohm law, the other two terms the contribution from the galvanomagnetic
effects: AMR and AHE, respectively. That component of AMR which is perpendicular to J is
often referred to as the planar Hall effect.11
In case of spin pumping setups,3,12–14 both the electric field component and the magnetic field
component of the microwave can induce an rf current in the sample. Coupling of the oscillating
induction current j and of the dynamic magnetization m at FMR excited in thin sheets of fer-
romagnetic conductors by a microwave gives rise to time-independent electromotive forces (the
spin rectification effect).15,16 In metallic bilayers, these appear simultaneously with ISHE and ob-
struct the observation and estimation of pure spin injection phenomena. In recent years, significant
amount of research has been done in order to devise a universal method for separating ISHE from
3galvanomagnetic effects in spin pumping experiments.12–14,17–21 The situation is complicated by
the fact that the magnetic field spectrum of a voltage signal induced by AMR or AHE can have
both symmetric (Lorentzian) and anti-symmetric (dispersive) contributions, and can fully overlap
with the Lorentzian spectrum of the ISHE signal.12–14
In this work, we propose a method to separate ISHE from galvanomagnetic effects by inves-
tigating the angular dependence of the symmetric and anti-symmetric parts of two orthogonal
components of the induced dc electromotive force at FMR in a microwave cavity while chang-
ing the direction of the magnetic field out of the film plane. Comparison of electromotive force
measurements on Ni81Fe19 and Ni81Fe19|Pt samples shows that only in the bilayer samples is the
component including ISHE more than five times larger than purely galvanomagnetic components,
indicating dominance of ISHE.
II. THEORETICAL FORMULATION
We consider a metallic thin-film sample consisting of (i) a ferromagnetic single layer and (ii) a
ferromagnet-paramagnet bilayer placed close to the centre of a cylindrical TE011 microwave cav-
ity, as illustrated in Fig. 1(a). The z axis is taken along the magnetization vector M. Another
coordinate system x′y′z′ is taken with the x′(= x) axis along the Hall direction of the sample, and
the z′ axis fixed along the longitudinal direction of the sample. A static external magnetic field H
is applied in the y′z′ plane at an angle θH to the surface normal y′. The angle between the surface
normal y′ and the magnetization vector M is defined as θM. The microwave rf magnetic field h
is oscillating along the x direction, h = (h,0,0)eiωt , and the rf electric field ε along the z′ direc-
tion, ε = (0,ε cosθM,−ε sinθM)ei(ωt+Φ).22 Electromotive force is measured in the longitudinal
(z′) direction and the Hall (x=x′) direction.
The magnetization dynamics in the ferromagnetic layer is phenomenologically described by
the Landau-Lifshitz-Gilbert equation,
dM(t)
dt
=−γM(t)×µ0Heff+ αMM(t)×
dM(t)
dt
, (3)
where γ is the gyromagnetic ratio and α the damping parameter. The time-dependent magnetiza-
tion vector M(t) is a sum of the static magnetization vector M and the time-dependent component
m(t) oscillating in the xy-plane. The effective field Heff is a sum of the external field H, the
4FIG. 1. (a) Measurement geometry in a cylindrical TE011 microwave cavity. Here, H denotes the external
static magnetic field, M the static magnetization, h the rf magnetic field, ε the rf electric field, θM the angle
between the surface normal and the magnetization vector, and θH the angle between the surface normal and
the external magnetic field. Voltage is measured along the x′ direction (VH) and the z′ direction (VL) as the
sample is rotated about the x axis. (b) Comparison of the calculated (“calc”) and measured (“expt”) angular
dependence of the resonance field µ0HR with ω/γ = 0.325 T, µ0Mz = 0.884 T, α = 0.02. (c) Calculated
spectral shapes of the real and imaginary components of the dynamic magnetization components mx and
my, as well as that of the ISHE voltage [Eq. (7)] with parameters as in (b).
demagnetizing field HM induced by the static magnetization vector, the rf field h and the rf de-
magnetizing field Hm induced by the dynamic magnetization.8 Neglecting second order terms of
h and m, the solution of Eq. (3) is
m=
mx
my
eiωt = 1
Ξ
γ2Mzh [µ0H cos(θM−θH)−µ0Mz cos2θM]+ iαγωMzh
−iγωMzh
eiωt , (4)
where
Ξ=γ2 [µ0H cos(θM−θH)−µ0Mz cos2θM]
× [µ0H cos(θM−θH)−µ0Mz cos2θM]− (1+α2)ω2
+ iαωγ
[
2µ0H cos(θM−θH)−µ0Mz cos2θM−µ0Mz cos2θM
]
. (5)
The ISHE electromotive force observed in the x direction is proportional to the z′ component
5of the time average of the real part of M(t)×dM(t)/dt,2,7,8 that is,
EISHE ∝ Re
[
M(t)× dM(t)
dt
]
|z′. (6)
Using the solution of the LLG equation, one finds12
EISHE ∝ [Im(mx)Re(my)−Re(mx)Im(my)]sinθM, (7)
where the real and imaginary parts of the dynamic magnetization are defined as m ≡ (Re(mx)+
iIm(mx),Re(my)+ iIm(my))eiωt .
The expressions for the dc electromotive forces due to AMR and AHE are obtained by finding
the time average of the real part of the corresponding electric fields in Eq. (2):12,23
EAMR ∝ Re [(M · ε)M], (8)
EAHE ∝ Re(ε×M). (9)
Projections into the x and z′ axes lead to the following expressions for dc electromotive forces
along the Hall direction (EH) and the longitudinal direction (EL), respectively:
EAMRH ∝ εMz sinθM [Re(mx)cosΦ+ Im(mx)sinΦ] , (10)
EAHEH ∝ ε sinθM [Re(my)cosΦ+ Im(my)sinΦ] , (11)
EAMRL ∝ εMz sinθM cosθM [Re(my)cosΦ+ Im(my)sinΦ] , (12)
EAHEL = 0. (13)
Equations (10) and (11) were calculated by Chen et al. in Ref. 12 using the same procedure.
Using the approach above to calculate the contribution from the ordinary Hall effect, Re(ε×Heff),
we find EHEH ∝ ε sinθM [Re(my)cosΦ+ Im(my)sinΦ] and E
HE
L = 0, which has the same angular
dependence as AHE.
Treatment of the phase shift Φ requires special care. For a microwave confined in a lossless
metallic resonator, the time phase shift between the rf electric field and the rf magnetic field is
Φ = 90◦.22 However, dissipation by currents induced in cavity walls as well as in a conducting
sample and its wiring may lead to phase shifts other than 90◦.14 In addition, an ac current j induced
6in the sample may lag behind the rf electric field ε due to capacitive losses. In the calculations
above, we assumed j ∝ ε , where Φ is a general phase which includes the phase shift between h
and ε , as well as that between ε and j.
To determine the spectral shapes and angular dependence of the electromotive forces in the case
of Ni81Fe19 as a ferromagnetic layer, we input particular parameter values α = 0.02,8,12ω/γ =
0.325 T and µ0Mz = 0.884 T. The reasonableness of the latter two parameters is demonstrated in
Fig. 1(b) which shows the angular dependence θH of the ferromagnetic resonance field HR. The
red dots are experimental data obtained for a 10-nm-thick Ni81Fe19 film used in the study. The
black curve was obtained by numerically solving the coupled equations for the resonance condition
(ω/γ)2 = [µ0HR cos(θH−θM)−µ0Mz cos2θM]×
[
µ0HR cos(θH−θM)−µ0Mz cos2θM
]
[Eq. (9)
in Ref. 8] and for the static equilibrium condition 2µ0H sin(θH − θM) + µ0Mz sin2θM = 0 [Eq.
(6) in Ref. 8] for HR at each θH . The chosen parameter values give a good agreement between
calculation and experiment.
Figure 1(c) shows the calculated magnetic field spectra of Re(mx), Im(mx), Re(my), and
Im(my), as well as that of VISHE at θM = 90◦. The components Re(mx) and Im(my) have a
dispersive (anti-symmetric) spectral shape, while Im(mx) and Re(my) exhibit an absorption-like
(symmetric) spectrum.12 As a consequence, the contributions from AHE and AMR in Eqs. (10)-
(12) can have both symmetric and anti-symmetric components, depending on the value of the
phase shift Φ. By contrast, the spectral shape of the electromotive force due to ISHE is symmetric
(absorption-like). In order to determine the angular dependence of each contribution we calculate
the θH dependence of the amplitudes A as defined in Fig. 1(c).
The θH angular dependence of the calculated amplitudes A of the symmetric and anti-
symmetric components of ISHE, AHE and AMR in the Hall and longitudinal directions are sum-
marized in Fig. 2. The contribution from ISHE [Eq. (7)] appears only in the symmetric component
in the Hall direction. Its angular dependence is given by EsH ∝A [Im(mx)Re(my)−Re(mx)Im(my)]sinθM
and is shown in Fig. 2(a) (red curve). It has several features: (i) The signal amplitude is maximal
for in-plane magnetic field (θH =±90◦), (ii) it is zero for perpendicular magnetic field (θH = 0◦,
180◦), (iii) it changes sign by reversing the direction of the magnetic field, (iv) the amplitude
change is abrupt around θH = 0◦, 180◦, and (v) the signal soon saturates at its θH = 90◦ value
when tilting the direction of the magnetic field into the film plane.
AHE (blue curve) appears in the symmetric and anti-symmetric components of the electromo-
tive force in the Hall direction [Eq. (11)]. The angular dependence of the amplitude of the symmet-
7FIG. 2. Calculated angular dependence of the dc-voltage amplitudes induced by the inverse spin Hall
effect (ISHE), anisotropic magnetoresistance (AMR), and the anomalous Hall effect (AHE): (a) Symmetric
component in the Hall direction EsH, (b) anti-symmetric component in the Hall direction E
a
H, (c) symmetric
component in the longitudinal direction EsL, and (d) anti-symmetric component in the longitudinal direction
EaL. Insets illustrate the measurement setup and signal symmetry in each case.
ric component, EsH ∝ sinθMA [Re(my)]cosΦ, is shown in Fig. 2(a) and that of the anti-symmetric
component, EaH ∝ sinθMA [Im(my)]sinΦ, is plotted in Fig. 2(b). All of the characteristics (i)-(v)
of the angular dependence of ISHE are shared by the symmetric as well as the anti-symmetric
components of the AHE signal. However, here the angular dependence exhibits a cusp before
saturation into the θH = 90◦ value when tilting the magnetic field from the perpendicular direction
(θH = 0◦) into the film plane. These cusps appear at θH ≈±12◦ and 180◦±12◦.
Finally, contributions from AMR (black curves), are present in all four components: EsH, E
a
H,
EsL, and E
a
L [Figs. 2(a)-(d)]. The angular dependences of the amplitudes of the symmetric and
anti-symmetric components in the Hall direction are given by EsH ∝ sinθMA [Im(mx)]sinΦ and
EaH ∝ sinθMA [Re(mx)]cosΦ, respectively [Eq. (10)]. The angular dependence of E
s
H [Fig. 2(a)]
shows again all of the features (i)-(v) of ISHE. However, the change of the signal amplitude when
tilting the magnetic field from the perpendicular direction to the in-plane direction is slower than
for ISHE and the maximal amplitude is reached at a θH higher than in the case of ISHE. The same
is true for EaH [Fig. 2(b)]. In the longitudinal direction, AMR is the only contribution [Figs. 2(c)
and (d)]. The angular dependences of the symmetric and anti-symmetric components are given
8by EsL ∝ sinθM cosθMA [Re(my)]cosΦ and E
a
L ∝ sinθM cosθMA [Im(my)]sinΦ, respectively [Eq.
(12)]. Here, the angular dependences are distinctly different from those in the Hall direction with a
period of 180◦ and zero signal for both perpendicular and in-plane fields. The angular dependence
exhibits sharp peaks of opposite polarity at θH =±8.0◦ and again at θH = 180±8.0◦. This is true
both for the symmetric and the anti-symmetric components and is caused by the presence of the
sinθM cosθM factor. We also note that due to the cosΦ factor, the symmetric component in the
longitudinal direction (EsL) is expected to be zero if Φ= 90
◦.
The symmetric component of the dc voltage in the Hall direction [EsH, Fig. 2(a)] in general
includes not only a contribution from ISHE, but also from AHE and AMR. Similarly, the anti-
symmetric component in the Hall direction EaH is a sum of the contributions from AMR and AHE
[Fig. 2(b)]. The ratio of AMR and AHE in each case depends on the value of the phase shift Φ
[Eqs. (10), (11)]. Therefore, knowledge of the amplitudes of EsH and E
a
H alone is not sufficient
to estimate the galvanomagnetic contribution in EsH. However, voltage signal in the longitudinal
direction provides the missing pieces of information [Eqs. (12), (13)]. The ratio of the anti-
symmetric and symmetric components in the longitudinal direction, EaL/E
s
L, which are purely due
to AMR, uniquely determines the phase shift Φ. By contrast, the sum of the second squares,(
EaL
)2
+
(
EsL
)2, determines the AMR coefficient. This information can be used to reconstruct
the angular dependence of the anti-symmetric AMR signal in the Hall direction [Eq. (10)], and
consequently to attribute the remaining EaH signal to AHE [Eq. (11)], finding the anomalous Hall
coefficient. In this way, the AMR and AHE contributions to EsH can be in principle determined,
making it possible to quantify the size of the ISHE signal.
III. EXPERIMENTAL RESULTS AND DISCUSSION
Experiments were performed on Ni81Fe19 (10 nm) single layers and Ni81Fe19 (10 nm)|Pt (10
nm) bilayers. The Ni81Fe19 films were prepared by electron beam evaporation on a thermally
oxidized Si substrate. In case of bilayer samples, Pt was deposited on the Si substrate by rf
sputtering before Ni81Fe19 deposition. The samples were of 1× 1.6 mm2 rectangular shapes.
For spin pumping measurements, four voltage electrodes were made by wire bonding with an
aluminium wire at the midpoints of the sample edges, as suggested in Fig. 1(a). The sample
on a quartz rod was then placed close to the centre of a cylindrical cavity in TE011 mode with
a resonance frequency of 9.45 GHz. The Q-values in case of a wired Ni81Fe19 sample and a
9wired Ni81Fe19|Pt sample were 8700 and 9500, respectively. Electromotive force measurements
were performed at a microwave power PMW = 200 mW (rf field µ0h = 0.16 mT) in the Hall and
longitudinal directions while rotating the sample about the Hall direction [Fig. 1(a)].
A typical voltage signal from a Ni81Fe19|Pt sample measured in the Hall direction is shown in
Fig. 3(a). The size of the voltage signal V is normalized by the electrode distance l, E ≡ V/l. A
voltage signal appears around the ferromagnetic resonance field when sweeping the magnetic field,
containing both a symmetric (Lorentzian) component and an anti-symmetric (dispersive) compo-
nent. The amplitudes of the symmetric and anti-symmetric components, Es and Ea, respectively,
are determined by fitting the voltage signal with the following function.
E = Es
∆2
(H−HR)2+∆2 +E
a −2∆(H−HR)
(H−HR)2+∆2 (14)
Figures 3 (b) and (c) show the voltage signals in Ni81Fe19 and Ni81Fe19|Pt, respectively, for
FIG. 3. (a) Voltage signal in a Ni81Fe19|Pt sample in the Hall direction at θH = 90◦ (grey dots) fitted with
Eq. (14) (black curve). The red and blue curves indicate the symmetric and anti-symmetric components,
respectively. Es and Ea denote the amplitude of the symmetric and the anti-symmetric components. (b),
(c) Normalized voltage signals for different values of θH measured on a Ni81Fe19 (10 nm) sample[(b)], and
a Ni81Fe19 (10 nm) | Pt (10 nm) sample [(c)] in the Hall direction (EH, black circles) and the longitudinal
direction (EL, violet triangles) fitted with Eq. (14) (red curves).
10
selected values of θH in both the Hall direction (EH, black circles) as well as the longitudinal
direction (EL, violet triangles). A signal consisting of a symmetric and an anti-symmetric compo-
nent is observed in all cases. The signal vanishes when the magnetic field is perpendicular to the
surface plane. A sign reversal is observed when reversing the direction of the magnetic field. In
all cases, good agreement is obtained by fitting the data with Eq. (14) (red curves). The amplitude
of the signal in Ni81Fe19 is three times larger than that in Ni81Fe19|Pt. This is due to shunting of
galvanomagnetic effects in Ni81Fe19 when measuring the electromotive force in a bilayer sample,
as well as due to a decrease in the microwave absorption intensity in the Ni81Fe19|Pt sample.
The angular dependences of EsL, E
a
L, E
s
H, and E
a
H extracted from fitting are shown in Figs. 4
(a)-(h). The symmetric and anti-symmetric components in the longitudinal direction, EsL and E
a
L,
for a Ni81Fe19 sample are shown in Figs. 4(a) and (b), respectively. Both are plotted along with the
calculated dependence (black curve, not to scale) which predicts that the only contribution comes
from AMR. In case of the experimental data for EsL, the appearance of two sharp peaks of opposite
polarity at θH = ±8◦ and again at θH = 180± 8◦ agrees well with the prediction. However, the
θH dependence does not fully overlap with the predicted curve. The experimental result includes
a contribution which changes sign by reversing the direction of H, similar to the predicted AMR
or AHE contributions to EsH. In the case of E
a
L in Fig. 4(b), the angular dependence also includes
a signal which matches the predicted AMR dependence, and a contribution from a signal which
changes sign by reversing the direction of H. EsL and E
a
L have opposite polarity.
The symmetric and anti-symmetric components in the Hall direction, EsH and E
a
H for a Ni81Fe19
sample are shown in Figs. 4(c) and (d), respectively. Both are plotted along with the predicted
dependence of AMR and AHE (black and blue curves, respectively). The experimental plot for
both components qualitatively agrees with the predicted dependence: the signal changes sign by
reversing the direction of H and is zero for θH = 90◦. Both EsH and E
a
H are of the same polarity.
In each case, there is a slight discrepancy between the experimental data and the calculated curves
for AMR and/or AHE. The difference between the calculated curves for AHE and AMR is too
minute to determine their ratio within the accuracy of this experiment.
The results for a Ni81Fe19|Pt sample are shown in Figs. 4(e)-(h). The symmetric component
of the voltage signal in the longitudinal direction EsL in Fig. 4(e) changes sign by reversing the
direction of H and has an angular dependence rather similar to that of AMR in the Hall direction.
This is in disagreement with the predicted AMR behaviour in the longitudinal direction (black
curve). The anti-symmetric component EaL in Fig. 4(f) contains a contribution similar to the
11
FIG. 4. Measured angular dependence (grey points) of the longitudinal symmetric (EsL), the longitudinal
anti-symmetric (EaL), the Hall symmetric (E
s
H) and the Hall anti-symmetric (E
a
H) component of the electro-
motive force induced in a Ni81Fe19 sample [(a), (b), (c), and (d), respectively], and in a Ni81Fe19| Pt sample
[(e), (f), (g), and (h), respectively]. Black and blue curves are the calculated curves of AMR and AHE,
respectively (not to scale). Red and black curves in (g) show a separation of the EsH signal into 80% ISHE
and 20% AMR and AHE contributions, respectively, using the calculated curves. The green curve is a sum
of both contributions. Schematic drawings at the top visualise the measurement direction.
predicted contribution of AMR to EaL (black curve) and a contribution which changes sign by
reversing the direction of H. Overall, the measured angular dependence for EaL is similar to the
same component in the case of Ni81Fe19 [Fig. 4(b)].
The symmetric and anti-symmetric components in the Hall direction, EsH and E
a
H, for Ni81Fe19|Pt
12
are shown in Figs. 4(g) and (h), respectively. Both change sign by reversing the direction of H and
are zero for θH = 0◦. Their behaviour qualitatively agrees with the predicted angle dependence
for ISHE, AMR or AHE. EsH and E
a
H are of opposite polarity. In Fig. 4(h) the experimental data
of EaH are plotted along with the predicted angular dependence of AMR and AHE (black and blue
curves, respectively).
Two points can be noted from the observed angular dependence in the longitudinal direction.
First, if Φ = 90◦, the contribution of AMR to EsL, which does not change sign by reversing the
direction of H, theoretically becomes zero [Eq. (12)]. The fact that a non-zero EsL signal appears
[Figs. 4(a) and (e)] indicates that the presence of a conducting sample and/or electrode wiring
in the microwave cavity causes dissipative losses and a non-90◦ phase shift, in agreement with
other reports.14 Second, the presence of a signal which changes sign with reversal of H direction
in EL indicates that the distribution of the microwave electromagnetic fields contains components
other than h oscillating in the x′-direction and ε oscillating in z′ direction. A ”contamination” of
the EL signal from the Hall direction due to EH and EL measurement directions not being exactly
orthogonal in the experimental setup does not seem to be a sufficient explanation. The reason
is that the magnitude of this ”contamination” signal in the longitudinal direction is comparable
with that of EaH for both Ni81Fe19 and Ni81Fe19|Pt samples. The direction across the electrodes
would need to be tilted by 45 degrees to achieve this level of mixing, while in the experiment,
the tilt was a few degrees. Another aspect to consider is the tilt of the quartz rod on which the
sample is fixed, which would cause a change of electric field with rotation angle. However, a
simple ∝ sinθM or ∝ cosθM multiplication of sinθM cosθM will not produce the observed sinθM-
like angular dependence. Recently, magnonic charge pumping24 has been considered as a source
of charge current in ferromagnetic layers with spin-orbit coupling and magnetization dynamics.
According to Ref. 25, spin rectification due to magnonic charge pumping is one third of the total
galvanomagnetic signal in 10-nm Ni81Fe19 films. We have considered spin rectification due to
magnonic charge current j ∝ Λ · ∂m/∂ t with an isotropic matrix Λ, which parametrizes the spin-
orbit coupling. AMR in this case is zero. The contribution from AHE has only a longitudinal
symmetric component with an angular dependence proportional to sinθM. This still cannot explain
a sinθM dependence in the longitudinal anti-symmetric component. Thus, the most plausible
explanation seems to be an altered electric field distribution due to different boundary conditions
in the presence of a conducting sample and its wiring in the cavity. To remove the field distribution
artefacts from the measurement, minimizing the sample volume while maximizing the sample-
13
TABLE I. Comparison of the ratios of the maxima of the electromotive force observed in the Hall (EH) and
the longitudinal (EL) directions for the anti-symmetric (a) and symmetric (s) components in a Ni81Fe19 and
a Ni81Fe19|Pt sample.
Ni81Fe19 Ni81Fe19|Pt
EaH/E
a
L 1.12 1.06
EsH/E
s
L 1.02 5.26
electrode surface aspect ratio might be useful. Use of high-resistivity materials in sample and
electrodes might be also beneficial.
The disagreement between the experimental and calculated angular dependences of EsL and
those of EaL obstructs the estimation of the phase shift Φ and/or the AMR coefficient which could
be used to find the contribution of the galvanomagnetic effects in the Hall direction. However, there
is a noticeable feature when comparing the maxima of the electromotive force in both samples.
The maxima of all four components EsL, E
a
L, E
s
H, and E
a
H in case of Ni81Fe19 are of the same order
(50 to 75 µV/mm). The maximum of EsH for Ni81Fe19|Pt (30 µV/mm) is one order of magnitude
larger than the remaining three components (3 µV/mm). A comparison of the maxima of the
electromotive forces in the Hall direction (EH) and the longitudinal direction (EL) is summarized
in Tab. I. In case of the anti-symmetric component in a Ni81Fe19 sample, the ratio of the maximum
voltage signals observed in the angular dependence in the Hall direction and that in the longitudinal
direction, EaH/E
a
L, is almost one (E
a
H/E
a
L = 1.12). This is also true for the Ni81Fe19|Pt sample where
EaH/E
a
L = 1.06. The situation is different for the symmetric component. Here, E
s
H/E
s
L = 1.02 for
Ni81Fe19, and 5.26 for Ni81Fe19|Pt. Only that EH/EL ratio which includes a contribution from
ISHE is significantly higher than the other ratios. Therefore, it is possible to attribute the increase
in EsH/E
s
L in Ni81Fe19|Pt to ISHE. This gives an ISHE to galvanomagnetic effects ratio of 1:0.25.
The decomposition of the EsH signal into ISHE and galvanomagnetic effects is illustrated in Fig.
4(g), with ISHE (red curve) constituting 80%, and AMR and AHE (black curve) constituting 20%
of the signal at θH = 90◦. The sum of these two contributions is plotted as a green curve.
A different wiring does lead to slightly different EH/EL ratios. However, the dominance of
the EsH component in Ni81Fe19|Pt is preserved. Figures 5(a)-(d) show the angular dependences
measured on exactly the same Ni81Fe19|Pt sample as above, wired with three aluminium wires
bonded in the corners of the sample, as illustrated in Fig. 5. The Q-value in this case was 9500,
identical to that in the earlier setup. The EsL [Fig. 5(a)] and E
a
L [Fig. 5(b)] components both contain
contributions from a signal which reverses sign together with the direction of H. However, the
14
FIG. 5. Measured angular dependences of the four components (a) EsL, (b) E
a
L, (c) E
s
H, and (d) E
a
H for a
Ni81Fe19| Pt bilayer wired with three wires in the corners of the sample. The black and blue curves in (a),
(b), and (d) are the calculated curves of AMR and AHE, respectively (not to scale). Red and black curves in
(c) show the separation of the signal into 63% ISHE and 37% galvanomagnetic effects, as well as the sum
of these two contributions (green curve). Scheme at the left illustrates the wiring and measurement setup.
polarity of EsL and E
a
L is opposite to that shown in Figs. 4(e) and (f), respectively. In addition, the
predicted contribution from AMR in EsL is significantly enhanced, while it almost disappears in the
EaL signal. These changes in the polarity and angular dependences in the longitudinal direction may
reflect changes in the distribution of the microwave electromagnetic fields with different wiring,
the former being related to the phase shift Φ. The angular dependence, magnitude, and polarity
of the EsH [Fig. 5(c)] and E
a
H [Fig. 5(d)] components agree with those observed in the previous
setup [Figs. 4(g) and (h), respectively]. The EsH component visibly dominates over E
a
H, E
s
L and
EaL, the latter three being of the same magnitude. The ratios obtained were E
a
H/E
a
L = 1.54 and
EsH/E
s
L = 4.16. For comparison, the ratios for a Ni81Fe19 sample with this wiring were E
a
H/E
a
L =
2.28 and EsH/E
s
L = 0.36. We obtain an ISHE contribution of 63% if comparing only E
s
H/E
s
L and
EaH/E
a
L ratios for Ni81Fe19|Pt, which is still dominant over galvanomagnetic effects but slightly
lower than in the previous setup. The increased contribution from galvanomagnetic effects can
be explained by increased microwave electric field intensity caused by different wiring and/or
measurement error. A breakdown of the EsH signal into ISHE (red curve) and galvanomagnetic
effects (black curve) based on this ratio is shown in Fig. 5(c).
To corroborate our findings in Ni18Fe19|Pt samples, we show results on a La0.67Sr0.33MnO3|
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FIG. 6. Measured angular dependences of the four components (a) EsL, (b) E
a
L, (c) E
s
H, and (d) E
a
H for a
La0.67Sr0.33MnO3| Pt bilayer wired as in Fig. 4. The black, red and blue curves are the calculated curves
for AMR, ISHE and AHE, respectively (not to scale).
Pt bilayer sample in Fig. 6. The La0.67Sr0.33MnO3 layer (20 nm) has been prepared by pulsed
laser deposition on SrTiO3 substrate and covered with Pt (10 nm) by sputtering. The wiring of
the sample in this case was identical to that in Fig. 4. The Q-value during measurement was
7200, and the microwave power PMW = 20 mW (rf field µ0h = 0.05 mT). The experimental data
in Fig. 6 (grey points) are plotted along with the calculated curves for AMR, AHE and ISHE,
with µ0MS = 0.570 T and ω/γ = 0.344 T determined from the angular dependence of HR, and
α = 0.02. There is a good agreement between the calculation and the experiment in the EsL and
the EaL components [Figs. 6 (a), (b)]. Some discrepancies can be seen near sign reversal in E
s
H
and EaH [Figs. 6 (c), (d)]. Significantly, the E
s
H component is much larger than the remaining three
components. We obtain EaH/E
a
L = 1.45 and E
s
H/E
s
L = 3.43, showing that the electromotive force
component including ISHE is more than three times larger than the other three components.
IV. CONCLUSIONS
We have calculated and measured the angular dependences of electromotive forces induced
in Ni81Fe19 and Ni18Fe19|Pt thin films at ferromagnetic resonance in a microwave cavity. The
predicted contributions from the inverse spin Hall effect, anomalous Hall effect and anisotropic
magnetoresistance exhibit distinct signal symmetry as well as angular dependence when changing
16
the direction of the external field with respect to the film plane. The results of the calculation
indicate that a complete separation of the inverse spin Hall effect from galvanomagnetic effects as
well as a determination of the phase shift between the rf electric and magnetic fields in the cavity
is in principle possible by measuring the angular dependence in both longitudinal and Hall direc-
tions. According to spin pumping measurements on the above systems, only in Ni81Fe19|Pt is the
component including the inverse spin Hall effect more than five times larger than components con-
sising only of galvanomagnetic effects. This indicates that the inverse spin Hall effect is dominant
in the observed symmetric signal. This observation is supported by results on La0.67Sr0.33MnO3|
Pt bilayers. However, the angular dependences of the electromotive force components in the lon-
gitudinal direction include contributions not expected in a TE011 cavity, pointing to the possibility
that the distribution of microwave electromagnetic fields in the cavity is altered by the presence of
the sample and its wiring.
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